Volume and type of medium, carbohydrate concentration, carbohydrate ratios, and inoculum level were investigated as possible factors influencing total colony counts of anaerobic rumen bacteria obtained in roll tubes (18 by 150 mm). Colony counts were lower when the rumen fluid was clarified by centrifugation before inclusion in the medium; however, decreasing the volume of 40% rumen fluidglucose-cellobiose-starch-agar medium (RGCSA) from 9 to 4 ml per tube did not affect total counts. With 4 ml of RGCSA per roll tube, total carbohydrate concentrations of 0, 0.1, and 0. 3% affected total colony counts as follows: 0. 1% > 0.3% > 0%. Also, if the ratio of equal parts glucose plus cellobiose:starch was varied from 1:1 to 9:1, at a total carbohydrate concentration of 0.1%, higher counts were obtained at the 1:1 ratio. When colony counts exceeded a range of 80 to 100 colonies per 4-ml roll tube, in many instances the relationship between inoculum concentration and total number of viable colonies was no longer linear. The present method (RGCSA medium with 0.025% each of glucose and cellobiose and 0.05% starch, 4 ml per tube) was compared to the clarified rumen fluid medium and non-rumen fluid medium (medium 10) of Caldwell and Bryant (1966) , 9 ml of each per tube. Total counts of rumen contents from sheep consuming four different types of rations were higher with the 4 ml of RGCSA medium than with the other two media. Dilution of the basal medium as a result of inoculum volume, as much as 1.5 ml per 4 ml of medium, did not appear to affect total counts. Colony counts and the simplicity of medium preparation and inoculation would favor the present method for routine use in estimating numbers of total viable anaerobic rumen bacteria, especially when large numbers of samples are involved.
The procedure of Bryant and Burkey (1), with slight modifications (5), has been used for a number of years in this laboratory to estimate total numbers of anaerobic rumen bacteria. Basically, the procedure involves the use of roll tubes with 9-ml quantities of a 40% rumen fluidglucose-cellobiose-starch-agar (RGCSA) medium. Some of the difficulties encountered with this procedure have included: (i) the counting of colonies is hampered by the large amount of particulate matter in the medium, (ii) the growth of very large colonies and spreading that occurs with incubation beyond three days, (iii) separation of the medium from the wall of the roll tubes as a result of gas production, and (iv) obtaining an even layer of solidified medium in the roll tube.
Bryant and Robinson (2) subsequently developed an improved rumen fluid-agar medium (98-5) that permitted the growth of about double the numbers of bacteria they obtained in their RGCA medium and alleviated most of the above difficulties. Primarily, their new medium differed from RGCA medium in the following ways: rumen fluid was clarified by centrifugation, contained a lower level of total carbohydrate but included soluble starch in addition to glucose and cellobiose, and a combination of cysteine and sodium sulfide were used as reducing agents. In a later study, Caldwell and Bryant (4) used a clarified rumen fluid medium (RFM) that was similar to medium 98-5 and developed a nonrumen fluid-containing medium, medium 10, in which colony counts were similar to those obtained in RFM. In essence, medium 10 was identical to RFM, except that rumen fluid was replaced by hemin, Trypticase, yeast extract, and a mixture of volatile fatty acids (VFAs).
The present study was initiated to determine whether the modifications and new media proposed by Bryant Media. The anaerobic cultural techniques and procedures for preparation of media were as previously described (5) . The main difference between the procedure used in this laboratory and that of Bryant and Burkey (1) is that our medium is tubed anaerobically and sterilized in the tube. The RGCSA medium is similar to that described by Bryant and Burkey (1), except for the carbohydrates. Its composition is shown in Table 1 .
Rumen fluid for the preparation of media was obtained by suction from a fistulated steer just before the morning feeding of alfalfa hay. Before addition to the RGCSA medium, the fluid was centrifuged 10 min at 1,000 x g and strained through a double layer of cheesecloth. This 1,000 x g supernatant will be referred to as standard rumen fluid. Clarified rumen fluid, for the study reported in Table 2 , was prepared by centrifugation of this 1,000 x g supernatant at 25,000 x g for 20 min.
For the media comparison studies (Table 3 ) the RFM and medium 10 of Caldwell and Bryant (4) were prepared as described by the authors. The only exceptions were sterilization of the medium in the culture tube and addition of the VFA mixture in medium 10 at a level of 0.31% rather than 0.45%, which was the final composition used by Caldwell and Bryant (4) . They obtained slightly higher colony counts with the 0.45% VFA mixture; however, the increase over the medium with 0.31% VFA mixture was not significant. Clarified rumen fluid was prepared as described (2) and the reducing agents, 0.025% each of cysteine-hydrochloride-water and sodium sulfide, were added to each individual tube just before it was melted prior to inoculation.
Inoculum and counting. Rumen ingesta to be used for inoculum were anaerobically diluted on a Table 2 . Although counting of colonies was consistently easier with the clarified rumen fluid medium, total counts were only 68 to 76% of the counts obtained on medium made with standard rumen fluid. Bryant and Robinson (2) found no effect upon total counts when clarified rumen fluid was used; however, McNeil et al. (9) also observed a significant decrease in total colony counts when the bacterial cells were removed from the rumen fluid by centrifugation. In addition, spreading of colonies, formation of gas pockets under the agar, and even distribution of the 9-ml volume of medium over the inner surface of the tube were still problems. On the other hand, as shown in Table 2 , reducing the volume of RGCSA to 4 ml per tube overcame many of these difficulties. aid total counts were not different from those obtained with the 9-ml volume per tube. Because of the thinner layer of medium, particulate matter was much less of a problem in making counts, and few if any gas pockets were formed. Some spreading of colonies still occurred, but less than that obtained with the 9-ml volume, and solidification of the medium over the inner surface of the tube was quite uniform. In general, total counts were a function of inoculum level in all three media. On the basis of these observations and the data in Table 2 , the remainder of the colony counts reported in this work were obtained with roll tubes (18 by 150 mm) containing 4 ml of medium. The only exception is the media comparison study reported in Table 3 . Effect of carbohydrates. The second phase of this study was undertaken to evaluate the effect of carbohydrate concentration upon colony size and to determine the number of colonies that developed in the 40% rumen fluid medium without added carbohydrtae. The Three concentrations of added substrate were employed: 0, 0.1, and 0.3%. Eleven trials were run, using rumen contents from the sheep fed orchard grass hay and 60% corn-40% orchard grass hay. Several inoculum levels were used in each trial with four roll tubes at each inoculum level. All colony counts were converted to equal 10-8 g of rumen contents per tube for the least-squares analysis of variance, and each mean represents 128 individual roll tubes. The least-square means and standard error of the mean of colony counts for 0, 0.1, and 0.3% substrates were 67.8 ± 2.2, 87.5 + 2.2, and 80.2 ± 2.2, respectively. Substrate level significantly (P < 0.05) affected colony counts as follows: 0.1% > 0.3% > 0%. In addition to the colony counts being higher with the 0.1% total substrate level, difficulties in counting caused by colony size and spreading with 0.3% substrate were alleviated. The large number of colonies that grew in the medium without added substrate would help explain the high colony counts previously obtained in a medium containing a single added carbohydrate as a specific energy source.
The differences observed in the previous experiment appear to be related to total carbohydrate concentration; however, the ratios of simple sugars (glucose and cellobiose) to starch were 1:1 and 5:1 for the 0.1% and 0.3% substrate levels, respectively (see Table 1 ). To evaluate the possible effects of such ratio differences, an experiment was conducted with RGCSA with a total carbohydrate concentration of 0.1% and ratios of equal parts glucose plus cellobiose to starch of 1:1, 2:1, 4:1, and 9:1. Rumen contents from sheep fed orchard grass hay and 60%7 corn-40% orchard grass hay were used as inocula, and for each sheep counts were determined on two replicates at two inoculum levels and four roll tubes per inoculum level. Colony counts decreased as the ratio of glucose plus cellobiose: starch increased. With rumen contents from the sheep fed orchard grass, mean colony counts were 83, 75, 75, and 65 for the ratios 1:1, 2:1, 4:1, and 9:1, respectively. In the same order, mean colony counts for the 60% corn-40% orchard grass hay samples were 201, 188, 186, and 176. Analysis of variance revealed that the 1:1 ratio was significantly higher than all others in samples from the sheep fed orchard grass and significantly higher than the 9:1 ratio in samples from the sheep fed 60% corn-40% orchard grass hay (P < 0.01). The differences observed earlier between media with 0.1 and 0.3% total carbohydrate may have been influenced by the relative amounts of each carbohydrate.
Effect of inoculum size. In the substrate comparison study, it was noted that, in numerous instances, colony counts for 0.5 x 10-1 and 10-9 g of rumen contents per tube closely followed the dilution; however, marked decreases were observed in the expected colony counts with 10-8 g or more of rumen contents per tube.
Preliminary examination of these data suggested that as the number of colonies per tube increased beyond 80 to 100 per tube, further increases in colony counts with increases in concentration of the inoculum were not linear. A series of 21 experiments was run, with inoculum levels ranging from 0.25 x 108 to 2.5 x 10-8 g of rumen contents per tube. The standard RGCSA medium with 0.1% total carbohydrate concentration was used throughout, and four or five inoculum concentrations were included in each experiment. When colony counts at each inoculum level were expressed as colonies per 10-8 g of rumen contents per tube and compared on the basis of the actual number of colonies per tube, the mean colony count from tubes with less than 100 colonies per tube was significantly higher (P < 0.01) than the mean from tubes with more than 100 colonies.
A second series of experiments was conducted in which 10 concentrations of inoculum (0.2 x 10-8 to 2.0 x 10-8 g of rumen contents per roll tube) were used on each of 7 different days. Four roll tubes were used for each inoculum concentration. Linear regression coefficients of colony count divided by concentration upon concentration were then calculated. All regression coefficients were negative and, in all but two instances, they were significantly different from zero. Elimination of the higher concentrations, one by one, from the overall regression was unsatisfactory in defining a point or number of colonies per tube at which the deviation from zero became nonsignificant. In general, it simply resulted in a gradual change of slope back towards zero. These data were then grouped in the same manner as the previous set of experiments, and the colony counts (expressed as colonies per 10-8 g of rumen contents per tube) were compared on the basis of whether the actual number of colonies per tube was above or below 100. A significant tively, there are obviously some exceptions to the suggestion that inoculum concentration and colony counts always become nonlinear when counts exceed 80 to 100 per tube.
Although most of the previous difficulties with particulate matter in the the thick agar layer can be alleviated by reducing the volume of medium per roll tube from 9 ml to 4 ml, the resulting thin layer of agar is probably the primary cause for inhibition of colony development in tubes containing over 80 to 100 colonies. Since most colonies occur on or near the agar surface, such factors as limitation of nutrients and end product toxicity are possibly involved. Bryant and Robinson (2) reported little or no inhibition of colony development in their clarified rumen fluid medium in tubes containing up to 200 colonies.
It was also observed in the above data that roll tubes with between 10 and 20 colonies appeared to give a reliable estimate of total count. The coefficient of variation for colony count between the four replicate tubes at the lowest inoculum concentration, all with means between 10 and 20, was similar to or lower than the coefficient of variation at any other concentration. Tubes containing less than 20 colonies were not counted in the studies reported by Bryant and Robinson (3) .
Comparison of counts obtained in medium 10, RFM, and RGCSA. At the present time, RFM and non-rumen fluid medium (medium 10) of Caldwell and Bryant (4) appear to be the most widely used media for making total counts of viable rumen bacteria. The principle differences between these two media and the medium used in the present study are: (i) use of clarified rumen fluid by Caldwell and Bryant in 40% rumen fluid medium; (ii) volume of medium per roll tube, 9 versus 4 ml; (iii) their use of 0.15% total carbohydrate, glucose plus cellobiose to starch ratio of 2:1; and, possibly most important, (iv) the use of 0.025% each of sodium sulfide and cysteine hydrochloride-water as reducing agents. Sodium sulfide is somewhat more difficult to work with than cysteine, and with their procedures the reducing agents are added after tubing the medium, just prior to use, which is very timeconsuming when large numbers of samples are to be counted. Although the medium and procedures in the present method were very desirable on the basis of simplicity, a comparison with the two media and procedures of Caldwell and Bryant (4) was needed before any final decision could be reached on its usefulness. Rumen contents from four sheep, each on a different ration, were used as sources of inoculum. Three replicates were run for each APPL. ENVIRON. MICROBIOL. ration, with three inoculum levels per replicate and four roll tubes per inoculum level. All roll tubes were inoculated from dilutions containing 10-8 g of rumen contents per ml to determine the possible effects of diluting the two different volumes of medium. Thus, volume of inoculum would equal g x 10-8 of rumen contents added per tube. For the four rations, inocula used were as follows: (i) alfalfa, 0.25, 0.5, and 1.0 ml; (ii) orchard grass, 0.5, 1.0, and 1.5 ml for two replicates and 0.25, 0.5, and 1.0 ml for the third replicate; (iii) NU-8 ration, 0.1, 0.25, and 0.5 ml; and (iv) 60% corn-40% orchard grass, 0.1, 0.25, and 0.5 ml. All colony counts were converted to numbers per 10-8 g of rumen contents and the data were analyzed by analysis of variance procedures. Of the main effects, ration and media were highly significant (P < 0.001), whereas concentration (or volume) of inoculum was nonsignificant. The only significant interactions were between ration and media (P < 0.001), and the means for each medium and ration are presented in Table 3 . For all rations, the highest colony counts were obtained with the present method. Using the procedure for least significant difference between means, significant differences (P < 0.01) were observed between the present method (RGCSA) and medium 10 with all rations, between RFM and medium 10 with the two concentratecontaining rations, and between RGCSA and RFM with the high-concentrate ration.
These results suggest that the standard rumen fluid and methods developed in the present study are equal to or better than methods previously used. In general, media containing rumen fluid were superior to non-rumen fluid medium with all rations; however, this difference became greater as bacterial numbers increased, i.e., with the 60% corn ration. Except for the alfalfa ration, colony counts with medium 10 were about half those obtained on the RGCSA medium, suggesting that medium 10 does not meet the nutritional or environmental requirements for a rather constant proportion of the total rumen bacterial population. A detailed study of bacterial species and their distribution, as determined on each of the media, would be required to adequately resolve this question.
The effect of volume of inoculum was nonsignificant in the overall analysis of this experiment; however, use of 0.5-, 1.0-, and 1.5-ml volumes in two replicates with the orchard grass ration should provide a more critical look at dilution effects. These two replicates were analyzed separately and the colony counts with RFM 10 and 100 colonies are counted. In some samples of rumen contents, colony counts would not fall within this range; however, these concentrations appear to be satisfactory for a majority of the samples encountered in our work.
The present results cannot be directly compared to total bacterial numbers obtained by many other workers because of host species differences as well as type and amount of feed (6, 8, 10, 11) . However, for the sheep fed 800 g daily of a 60% corn-40% orchard grass hay ration, colony counts generally ranged from 30 to 60 billion per g of rumen contents, which is in the same range or slightly higher than values reported for cattle on a similar type ration (2, 4, 8) .
